A review of p r o g r e s s i n l a s e r s t a b i l i z a t i o n t e c h n i q u e s a n d l a s e r f r e q u e n c y m e a s u r e m e n t is given. Methods for relating laser frequencies to the time standard and methods for absolute l a s e r f r e q u e n c y s t a b i l i z a t i o n a r e d e s c r i b e d . Experimental information on reproducibility and n o i s e c h a r a c t e r i s t i c s is reported. Application to frequency and wavelength standards is discussed.
Introduction
Since the discovery of the He -Ne pas l a s e r in 1960 by Javan, Bennett and Herriot, many a t o m i c a n d m o l e c u l a r l a s e r t r a n s i t i o n s h a v e been found. The possibility of using one of these t r a n s i t i o n s as a highly stable frequency or wavel e n g t h s t a n d a r d i n t h e v i s i b l e o r n e a r i n f r a r e d has been envisioned, and many schemes have b e e n d e v e l o p e d t o t r y t o r e p r o d u c e a c c u r a t e 1 the wavelength of one of these transitions. 2 * x * 4 The usual techniques involve servo-control of t h e l a s e r c a v i t y t o s o m e c h a r a c t e r i s t i c of the laser transition. The major problems involved w i t h t h e s e a t t e m p t s w e r e l a r g e f r e q u e n c y s h i f t due to gas pressure changes in the plasma, amplitude and frequency fluctuations due to plasma instabilities, and the dependence of the frequency on the current-voltage characteristics of t h e p l a s m a d i s c h a r g e . In 1 9 6 7 t h e r e w e r e t w o i m p o r t a n t d e v e l o pm e n t s i n l a s e r s p e c t r o s c o p y t h a t p o i n t e d t h e d i r e c t i o n n e c e s s a r y t o r e a l i z e a c c u r a c y c o m p e ti t i v e w i t h f r e q u e n c y s t a n d a r d s --s a t u r a t e d absorption of a t o m s a n d m o l e c u l e s first r e p o r t e d by Lee and Skolnick5 and absolute frequency m e a s u r e m e n t of a laser t r a n s i t i o n f i r s t r e p o r t e d by H o c k e r e t al.
Saturated Absorption
T h e r e s e a r c h of Lee and Skolnick on satur a t e d a b s o r p t i o n i n Ne l e d o t h e r s , n a m e l y B a r g e r a n d H a l l , H a n e s a n d B a i r d , a n d Rabinowitz e t a l , into the investigation of s a t u r a t e d a b s o r p t i o n of m o l e c u l a r s p e c i e s having absorption transitions coincident with the laser transition. The molecular species that have been reported to date are 12, CH4, and SFg. Molecular species are a t t r a c t i v e b e c a u s e m o l e c u l a r v i b r a t i o n -r o t a t i o n t r a n s i t i o n s h a v e c h a r a c t e r i s t i c a l l y l o n g l i f e t i m e s , a b s o r p t i o n c a n be o b t a i n e d f r o m t h e r m a l l y p o p u l a t e d s t a t e s , and there is a much higher probability for coincidences of a molecular transition with a l a s e r t r a n s i t i o n . T h e m o s t e x t e n s i v e r e s e a r c h t o date has been done on Iz and CH4.
?'he principle of s a t u r a t e d a b s o r p t i o n c a n b e i l l u s t r a t e d by r e f e r r i n g t o F i g .
1.
A c e l l containing the absorbing gas is placed inside the laser. cavity.. The absorption transitiqn whose Doppler width is g r e a t e r t h a n t h e n a t u r a l l i n e width interacts with the laser radiation such that a b s o r p t i o n t a k e s p l a c e a t t h e l a s e r f r e q u e n c y
where f o is t h e m o l e c u l a r t r a n s i t i o n f r e q u e n c y a t rest and vz is the speed of the molecule along the laser axis. If we think of the standing wave laser radiation p a t t e r n a s c o m p o s e d of two oppositely directed running waves of equal amplitude, then two h o l e s a r e " b u r n e d o u t " of the absorption density distribution as a function of velocity. The width of these holes is p r o p o r t i o n a l t o t h e n a t u r a l width of t h e a b s o r b i n g t r a n s i t i o n so that when the absorption is a w a y f r o m t h e c e n t r a l p e a k the two populations act almost independently.
A s t h e l a s e r f r e q u e n c y is tuned to the absorption l i n e c e n t e r , h o w e v e r , t h e s a m e m o l e c u l e s i n t e ract with both running waves and saturation o c c u r s . T h i s l e a d s t o a n i n c r e a s e d p o w e r o u t p u t at frequency f o . The emission peak at f o h a s a c h a r a c t e r i s t i c w i d t h y where l / Y m a y be the collision induced lifetime, the natural l i f e t i m e , o r t h e t r a n s i t t i m e of the molecule a c r o s s t h e l a s e r b e a m , w h i c h e v e r i s t h e s h o r t e s t c h a r a c t e r i s t i c t i m e . T h e o u t p u t i n t e n s i t y is
g is a Lorenteian function and f -f o is the frequency m e a s u r e d f r o m l i n e c e n t e r . F i g . 2 shows the power versus frequency curve for saturated absorption of m e t h a n e a t 3 . 3 9~. The absorption is that of a single transition which is the P 7 line of the V 3 vibration band in methane. The laser transition has been pressure shifted to higher frequency by approximately 100 MHz to make the centers of the P 7 transition and the 3. 39p Ne transition coincide. The line width is approximately 200 KHz. The broadening of t h i s line has been studied extensively in both pure CH4 and in CH4 with the r a r e g a s e s a s b u f f e r s . The width of the absorption in pure methane as a function of p r e s s u r e is approximately 10 KHz per micron. By using special "frequency offset locking" described by Barger and Hall, press u r e s h i f t of the methane transition can be investigated. This shift is anomalously small for reasons which are not clearly understood at this time. The shift as a function of p r e s s u r e i s given by B a r g e r a n d H a l l 7 a s 7 5 f 150 H z per micron. Two independent methane stabilized lasers have been investigated and a stability plot of the difference frequency between the two l a s e r s a s a function of time is shown in F i g . 3.
Recent improvements on this stability have been made and will be reported elsewhere. l o More recent stability measurements show that the methane stabilized laser may be competitive with the hydrogen maser.
Other experiments dealing with the saturated absorption of I2 a t 633 nm and the saturated absorption of S F 6 a t 10. 6p have been reported.
11 The power tuning curve for saturated absorption of I2 is shown in F i g .
.
The lower trace in the figure is the derivative of the power curve which has an approximate Lorentzian shape. The several absorptions seen are due to the hyperfine structure in 12.
F i g . 5 shows the absorption of SF6 from the P1 8 line of the CO2 laser. Because of the very high power output, the absorption can be seen with a cell outside the laser cavity in which the radiation is double-passed to achieve a standing wave pattern.
Frequency Synthesis Table 1 shows the frequencies involved in attempting to establish a frequency locked chain f r o m a stabilized klystron to the near infrared. The initial measurements in this chain were accomplished by H o c k e r e t .l6 who mixed the 12th harmonic of a 74 GHz klystron with the 337p HCN l a s e r . The next step in the chain has been accomplished by Evenson e t a l l 2 in mixing the 12th harmonic of 3 3 7 p with the 27p water vapor laser. The most recent accomplishment has been to m u the 3rd harmonic of 27p with the 9.3p transition in CO2 by Daneu e t a l l 3 a n d the mixing of the 3rd harmonic of 27p minus the 1st harmonic of 78p t o m e a s u r e both the P18 and P20 transitions of CO2 laser by E v e n s o n e t a l . l 4 All of these measurements have been accomplished by using a cat whisker diode detector. Fig. 6 shows an exploded view of the cat whisker which is usually made out of tungsten and is pointed by chemical etching techniques. The post which makes contact with the whisker can be either silicon as was the case for the first experiments by Hocker e t al, o r c a n be some f o r m of m e t a l p o s t a s is the case for the m o r e r e c e n t e x p e r i m e n t s . 1 3~1 4 The whisker acts as a long wave antenna as has been shown by Matarrese and Evenson. l 5 Number of lobes of the antenna pattern is proportional to the length of the whisker divided by the wavelength of the radiation. F i g . 7 displays this pattern for L = 7 X .
Attempts are currently being made to mix the 8th harmonic of the 27p H 2 0 v a p o r l a s e r with the 3 . 3 9~ He-Ne l a s e r . If this step can be accomplished, a frequency locked chain from the time standard to 3,391, can be established and the stability of the saturated absorption at 3. 39p strongly suggests that this transition could be u s e d a s a new primary length standard. This being the c a s e , the length standard and the time standard could be compared directly. If the primary length and time standard could be derived from the same atomic or molecular transition, the speed-of-light would become a defined quantity and length measurement could be derived from frequency measurements. 
